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Backlash is the rotational arc clearance formed between a pair of mounted gears.  It can also be described 
as play or lost motion between loosely fitting machine parts.  Backlash is crucial to any gear set for 
checking the damages caused by the gear tooth interference. Lack of backlash can cause noise, 
overloading, overheating of gears and bearings, seizing and, failure.  Backlash is measured by limiting the 
rotation of one member, which generally is the pinion, while measuring the other component's rotational 
movement at a reference radius. Backlash is measured in units of angular degrees and its subdivisions  
(minutes or seconds).  It can also be measured as an arc value to the angle in radians.  Because backlash is 
usually a small angle it is measured in angular minutes.  A true precision low backlash servo gear head 
has a backlash of two to eight angular minutes, measured at the output.  The arc movement measurement 
thus obtained is converted to degrees by the equation shown below. 
 
In order to measure the backlash of a gearbox, a proper testing rig and instruments are required.  The 
fixture holding the gearbox and its output shaft should be as rigid as possible.  The usually very small 
rotational angle of the output shaft can be measured directly by a precision encoder or by indirect 
methods.  The indirect method utilizes mainly a long rigid arm at the shaft allowing measuring the 
displacement at a defined distance with a dial indicator and calculating the corresponding rotational angle.  
The biggest challenge is the precision required for the gears to work. If any of the gear teeth are cut 
imperfectly such as too large or with the wrong angle, the two gears will wear badly or at worst will 
actually jam when the over-large section tries to pass by.  It is possible to machine gears so they mesh 
absolutely precisely, but doing so can be expensive.  However, if the gear teeth are made slightly smaller 
or are spaced slightly farther apart than they need to be then the air space around the teeth provide relief 
so that minor imperfections do not jam the gears.  This deliberate under-sizing does not affect accuracy as 
long as the motor is always being driven in a consistent direction. 
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Some mounts allow adjusting of the alignment and spacing of the internal gears, which gives some ability 
to reduce backlash.  Usually, this is possible on higher-end mounts where the gearing is built into the 
mount, but not on lower end mounts where the gearing is an external after-market accessory.  Adjusting 
gears to reduce backlash requires some disassembly of the mount.  
 
2.11.2 Backlash Found in Hydraulics 
Backlash is found in hydraulics due to air bubbles found in the tubing.  If the fluid used in the tubing is 
not properly put inside of the tubing, it will create air bubbles.  If there are air bubbles in the tubing and 
force is applied to one of the pistons (assuming a closed hydraulic system with pistons on either end), the 




Backlash is found in cable systems for various reasons.  One reason is that sometimes the cables can 
become stretched out, which allows for play in the cables.  In addition, if the cables are not tightly 




The backlash of the TEE was also studied.  It seemed to have a lot of backlash stemming from several 
sources. The cables inside the mechanism can move approximately a millimeter without moving either of 
the racks from the gear system or the probe head. The probe head can also move approximately 10 
degrees in either plane without seeing any movement in the knobs. The knobs can move approximately 5 
degrees without seeing any movement in the probe head (if it is restrained). If restrained, the racks in the 
gear system can rotate the shaft of the TEE the manipulates the top knob of the original TEE 
approximately 5 degrees and the bottom knob can feel a very slight wiggle, but not enough to be 
significant. If the ball detent mechanism is engaged, there are several locations throughout the range of 
motion where the knobs move a full click with no movement of the probe head.  Figure 17 shows the 
different components of the TEE where backlash occurs.  Overall, there is a fair amount of backlash that 
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Partial concepts or means to achieve each of the desired goals 
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A zeroth order prototype was built for a basic hydraulic system since many of the designs were based on 
a hydraulic system.  It was a concern that it may not be possible to make a closed hydraulic system that 
will work repeatedly without problems.  A zeroth order prototype of a simple closed hydraulic system to 
test for feasibility was created.  The prototype was based on the Rocker Handle hydraulic system because 
that system was easiest and quickest to make.  The basic sketch of this is shown in Figure 40.   
First, four small plastic pistons, one of which is shown in Figure 49, were rapid prototyped with O-rings 
acting as seals to fit into a short section of clear vinyl tubing with an 1/2 inch outer diameter and a 3/8 
inch inner diameter.  One side of the tube was plugged with the plastic piston and the remaining space 
inside the tube was filled with water.  Then the top of the tube was plugged with another plastic piston.  
The results were very poor.  The water was not viscous enough and leaked past the O-rings.  Vegetable 
was used in place of water to provide a fluid with more viscosity.   This attempt was unsuccessful since 
the fluid continued to leak.  The clear vinyl tubing did not keep its shape very well either, which was 
considered a major contributing factor to the poor results of the closed hydraulic system.  Figure 50 shows 
the set up using the clear vinyl tubing.  A piece of stock alloy tubing that also had a 3/8-inch inner 
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diameter was also used to try and make the system work.  After repeating the procedure, the results were 
much better, but there was still some leakage and air bubbles, which was believed to be from the poor 
seals (O-rings), the small coupling area between the piston and the tube (which caused the piston to move 
around and not be completely parallel to the rigid tubing the entire time), and the porous pistons created 
in the rapid prototype machine.  There was also a fair amount of static friction that needed to be overcome 









Brass pistons, which were turned down in a lathe, were also used in attempt to increase the contact area 
between the piston and tube.  Figure 51 shows an example of one of the brass pistons.  Using these brass 
pistons instead of the plastic pistons produced better results, but leakage and static friction were still 


















































































































1  >20% increase in 
backlash 
 
> 25% decrease in 
force feedback 
compared to current 
TEE 
 
Very hard to use 
 
Unacceptable amount of 
awkward positioning, 
unacceptable amount of 
force. One feels tired and 
strained after use, may 
affect other activities 
during procedure 




required, many processes 
required 
 
2  10-20% increase in 
backlash 
 
>10-25% decrease in 
force feedback 




than current design 
 
Small amount of 
awkward position 
required, not a large 
amount of force required, 
one may feel a little tired 
or strained, but use does 
not affect other activities 
during procedure 












Force feedback is 
equal to current force 
feedback of TEE 
 
Same cognitive load 
currently required 
 
No awkward positioning 
of hands or feet, 
increased effort required 
to manipulate controls, 
small amount of 
increased strain during 
use, does not affect other 
activities during 
procedure 
Fairly easy to 
manufacture/assemble, for 
the most part-minimal 
amount of procedures 
required, some additional 
processes may be required 
 
4  Less than 10% 
better 
Force feedback is 
slightly greater than 
current force 
feedback of TEE 
 
Less complicated 
than current design 
 
No awkward positioning 
of hands or feet, little 
effort required to 
manipulate controls, no 
additional strain to 
person manipulating, 
does not affect other 
activities in procedure 
Very easy to manufacture 
and assemble, minimal 






































































































































































































 Top Knob 
Force (lbs)  
Bottom Knob 





1 1.14 1.41 0.91 1.41 
2 1.62 1.80 1.30 1.80 
3 0.97 2.14 0.78 2.14 
4 1.97 0.91 1.58 0.91 
5 1.58 1.52 1.26 1.52 
6 1.43 2.14 1.14 2.14 
7 1.80 2.50 1.44 2.50 
8 1.18 1.14 0.94 1.14 
9 1.59 1.99 1.27 1.99 
10 1.67 2.36 1.34 2.36 
Average 1.50 1.79 1.20 1.79 
















  Force Data - All values in lbf  














1 0.24 0.4 0.48 0.21 0.27 
2 0.4 0.33 0.53 0.26 0.27 
3 0.25 0.36 0.53 0.23 0.48 
4 0.34 0.42 0.46 0.24 0.39 
5 0.35 0.41 0.61 0.23 0.32 
6 0.31 0.46 0.58 0.24 0.48 
7 0.29 0.65 0.62 0.26 0.29 
8 0.34 0.58 0.60 0.25 0.25 
9 0.25 0.49 0.52 0.25 0.26 
10 0.28 0.49 0.69 0.23 0.23 
Average 0.31 0.46 0.56 0.24 0.32 













































































 Top Knob 
Force (lbs)  
Bottom Knob 





1 1.47 4.50 2.57 7.88 
2 1.72 4.52 3.01 7.91 
3 1.91 4.92 3.34 8.61 
4 1.50 4.37 2.63 7.65 
5 1.61 4.63 2.82 8.10 
6 1.74 4.96 3.05 8.68 
7 1.88 4.59 3.29 8.03 
8 1.56 4.39 2.73 7.68 
9 1.78 4.83 3.12 8.45 
10 1.59 4.82 2.78 8.44 
Average 1.68 4.65 2.93 8.14 






















































































































































































































































































































































































Unlocked Top Knob 
Force (lbs)  
Bottom Knob 





1 1.14 1.41 0.91 1.41 
2 1.62 1.80 1.30 1.80 
3 0.97 2.14 0.78 2.14 
4 1.97 0.91 1.58 0.91 
5 1.58 1.52 1.26 1.52 
6 1.43 2.14 1.14 2.14 
7 1.80 2.50 1.44 2.50 
8 1.18 1.14 0.94 1.14 
9 1.59 1.99 1.27 1.99 
10 1.67 2.36 1.34 2.36 
Average 1.50 1.79 1.20 1.79 





Locked Top Knob 
Force (lbs)  
Bottom Knob 





1 1.48 3.03 1.18 3.03 
2 2.41 3.87 1.93 3.87 
3 1.55 4.75 1.24 4.75 
4 2.16 3.02 1.73 3.02 
5 1.81 3.15 1.45 3.15 
6 2.26 4.00 1.81 4.00 
7 1.45 4.02 1.16 4.02 
8 2.08 2.91 1.66 2.91 
9 2.36 3.28 1.89 3.28 
10 2.46 2.39 1.97 2.39 
Average 2.00 3.44 1.60 3.44 
















    Force Data - All values in lbs   
        
Side 1           
Trial Straight  
Radius of 
Curvature,  










1 0.24 0.4 0.48 0.21 0.27 
2 0.4 0.33 0.53 0.26 0.27 
3 0.25 0.36 0.53 0.23 0.48 
4 0.34 0.42 0.46 0.24 0.39 
5 0.35 0.41 0.61 0.23 0.32 
6 0.31 0.46 0.58 0.24 0.48 
7 0.29 0.65 0.62 0.26 0.29 
8 0.34 0.58 0.60 0.25 0.25 
9 0.25 0.49 0.52 0.25 0.26 
10 0.28 0.49 0.69 0.23 0.23 
Average 0.31 0.46 0.56 0.24 0.32 
STDEV 0.05 0.10 0.07 0.02 0.09 
        
Side 2           
Trial Straight  
Radius of 
Curvature, 










1 x 0.27 0.45 0.28 0.24 
2 x 0.26 0.32 0.26 0.22 
3 x 0.47 0.31 0.24 0.28 
4 x 0.45 0.34 0.36 0.27 
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5 x 0.36 0.30 0.28 0.25 
6 x 0.32 0.31 0.29 0.31 
7 x 0.33 0.32 0.27 0.22 
8 x 0.41 0.41 0.25 0.25 
9 x 0.38 0.47 0.29 0.21 
10 x 0.50 0.56 0.31 0.24 
Average x 0.38 0.38 0.28 0.25 











Date:      01/18/2012 
Project Name:    Philips TEE MQP 
Reason for Test:  Preliminary Data 
 
 
Method 
I.    Purpose: 
Determine the effect of weight and/or materials against each other to see if the pucks/balls slide and/or 
roll against each other.  Determine how much clearance can be allowed for maximum rolling and 
minimum sliding.    
 
II.   Background 
The team is trying to understand how the balls move inside of the HDPE tubing.  In this experiment, the 
team tries to create situations where the movement of the balls is mimicked in different situations.   
III. Procedure and Equipment 
Equipment: 
•    Plastic 3 inch diameter hockey pucks 
•    Rubber 3 inch diameter hockey pucks 
•    Standard billiard balls 
•    Ping pong balls 
•    Tracks to guide balls/pucks 
•    Air hockey table 
•    Billiard table 
•    Smooth counter surface 
 
Procedure:  
 
Step 1: Secure tracks to air hockey table with no clearance/extremely little clearance between the track 
and the puck.  Draw a mark on the outer edge of both the rubber and plastic pucks. Align plastic 3‐inch 
diameter hockey pucks in tracks.  Push pucks through the tracks and observe movement of the pucks.  
Keep increasing the clearance and see whether or not the pucks will slide against the tracks or roll along 
  90 
each other.  Do the same with the rubber hockey pucks.  Repeat with both the plastic and rubber pucks 
on a smooth surface.  Compare the movement of the two against both surfaces.  
 
Step 2:  Secure tracks on a billiard table with no clearance/ extremely little clearance.  Draw a mark on 
both the billiard and ping pong balls.  Align billiard balls inside of the tracks.  Push balls through the 
tracks and observe movement of the balls.  Keep increasing the clearance and see whether or not the 
pucks will slide against the tracks or roll against each other.  Do the same with the ping pong balls.  
Repeat with both the billiard balls and ping pong balls on a smooth surface.  Compare the movement of 
the two against both surfaces.   
 
Results 
Table 13 ‐ Results Part 1 of the Puck and Ball Experiment, showing how various objects move when aligned inside a track on 
a given surface. 
  Rubber Pucks  Plastic Pucks 
Air Table  All of the pucks were sliding 
regardless of the clearance 
With a very tight clearance, the 
pucks both slide and roll.  As the 
clearance increase the pucks roll 
more with no/minimal sliding 
Smooth Counter Surface  All of the pucks were sliding 
regardless of the clearance 
With very little to no clearance, 
the pucks both roll and slide at 
what seems to be an equal ratio.  
As clearance is increased, the 
pucks slide with very little 
rolling. 
 
 
Table 14 ‐ Results Part 2 of the Puck and Ball Experiment, showing how different ball types move when aligned inside a track 
on a given surface. 
  Billiard Balls  Ping Pong Balls 
Billiard Table  With a very tight clearance, the 
balls both roll and slide. But as 
tolerance increases the balls roll 
When there was little to no 
clearance, the balls slid.  When 
clearance was increased, they 
rolled. 
Smooth Counter Surface  With a very tight clearance, the 
balls both roll and slide. But as 
tolerance increases the balls roll 
When there was little to no 
clearance, the balls slid.  When 
clearance was increased, they 
rolled without any sliding. 
 
The balls inside of the HDPE tubing seemed to roll.  This was witnessed by marking some of the stainless 
steel balls and pushing on one plunger while leaving the other open ended and looking inside and 
observing the blacks mark on the ball rotate.  The balls seemed to be rolling with no sliding.  The billiard 
balls and ping pong balls both slid and rolled with no clearance.  When the clearance increased, they 
rolled.  This relates to how the balls inside of the tube act. 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Appendix E – Mechanical Advantage Calculations 
Bottom Knob Calculations 
 
Figure 79 ‐ Mechanical Advantage Calculations for the bottom knob of the TEE, Part 1, performed in Mathcad. 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Figure 80 ‐ Mechanical Advantage Calculations for the bottom knob of the TEE, part 2, performed in Mathcad. 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Top Knob Calculations 
 
Figure 81 ‐ Mechanical Advantage Calculations for the top knob of the TEE, part 1, performed in Mathcad. 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Figure 82 ‐ Mechanical Advantage Calculations for the top knob of the TEE, part 2, performed in Mathcad. 
 
